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The pandemic of coronavirus disease 2019 (COVID-19) caused by the 2019 novel coronavirus (2019-nCoV or SARS-CoV-2) infection has become a Public Health Emergency of International Concern (PHEIC) with more than 6 million cases and 376,320 deaths as of June 2, 2020 (WHO, 2020, <https://covid19.who.int>). SARS-CoV-2 infection causes disorder of natural and adaptive immunity, leading to tissue damage and systemic inflammation, which is the main reason for death of COVID-19 patients ([@bib0030]). Up to now, the mechanism underlying the modulation of immune signaling pathways by SARS-CoV-2 is still unclear. Viral proteins usually play critical roles in interfering with host immune response. In this study, we aimed to screen potential SARS-CoV-2 proteins modulating host immune response, especially the type I interferon (IFN) pathways.

Upon virus infection, several transcription factors, such as IRF-3 and NF-κB, bind to the interferon promoter to stimulate type I IFN (IFN-α/β) expression ([@bib0020]). Then the interferon is secreted and binds to the interferon receptors, initiating the JAK/STAT pathway and inducing the nucleus translocation of IFN-responsive transcriptional factors. These transcriptional factors activate genes containing interferon-stimulated response elements (ISREs) in their promoters, resulting in the expression of a set of IFN-stimulated genes (ISGs) which establish an antiviral state ([@bib0005]). In response to this powerful selective environment, many viruses from diverse families, including filoviruses, poxviruses, influenza viruses, flaviviruses, and coronaviruses (CoVs), have evolved multiple passive and active mechanisms to avoid induction of the antiviral type I interferon, and they could optimize the intracellular resource for efficient virus replication ([@bib0055]). For the case of highly pathogenic coronaviruses, the structural and nonstructural proteins (nsp16−2-O MTase, nsp14-ExoN, nsp1, nsp7, envelope (E) protein, nucleocapsid (N) protein, membrane (M) protein, SARS-CoV-ORF6, MERS-CoV-ORF3−5, MERS-CoV-4a, and MERS-CoV-4b) have been shown to antagonize the innate immune response ([@bib0055]). In addition, inactivating viral interferon antagonists, such as MERS-CoV ΔORF3−5 mutant virus ([@bib0045]), nsp14 and nsp16 of SARS-CoV ([@bib0040]) and nsp15 in PEDV ([@bib0010]), would prompt earlier and more robust type I interferon responses to suppress viruses replication. Thus, systematic elimination of IFN-modulating functions from the virus is supposed to become a promoting approach for vaccine development. However, functions of the proteins encoded by SARS-CoV-2 have not been revealed clearly yet, some of them may be immunoregulator against host innate immune system.

To study the gene function of new coronavirus, SARS-CoV-2 ORFs of the structural genes (S, E, M, and N) and the accessory genes (3a, 6, 7a, 8 and 10) (GenBank ID MN908947.3) were synthesized by Sangon Biotechnology Co., Ltd. (Shanghai, China), and then cloned into pCAGGS vector with a tag encoding hemagglutinin (HA) at the N-terminus of each protein ([Fig. 1](#fig0005){ref-type="fig"} A). The plasmids were transfected into 293 T cells individually, and the proteins were collected at 48 h post transfection. The expression of each gene is measured by Western blotting using the anti-HA tag antibody, confirming the correct expression of all proteins ([Fig. 1](#fig0005){ref-type="fig"}B).Fig. 1SARS-CoV-2 ORF6, ORF8, and N proteins inhibit the expression of IFN-β and the activation of ISGs. (A) Schematic diagram of the genome organization of SARS-CoV-2 and expression constructs used in this study. The synthesized coding genes of individual structural and accessory proteins were inserted into the expression vector pCAGGS with an HA-tag at the N-terminus of each protein. (B) Expression verification of the individual structural and accessory proteins of SARS-CoV-2 in HEK-293 T cells. Samples were collected from cells transiently transfected with individual ORF expression plasmids or pCAGGS (indicated as Mock) at 48 h post transfection. Proteins were separated by SDS-PAGE and the SARS-CoV-2 proteins were detected by Western blotting using mouse anti-HA and anti-GAPDH monoclonal antibodies. (C, D, E) HEK-293 T cells were co-transfected with IFN-β-Luc (C), ISRE-Luc (D) or NF-κB-Luc (E) together with the pRL-TK plasmid, and then transfected with the plasmid expressing the indicated SARS-CoV-2 protein. 24 h after the initial transfection, the cells were infected with Sendai virus. Luciferase assays were performed 18 h after infection. The results were presented as the means and standard deviations of data from three independent experiments. The relative firefly luciferase activity was normalized to the Renilla reniformis luciferase activity, and the treated empty vector control value was set to 100. (F, G, H) HEK-293 T cells were transfected with empty vector- or expressing plasmids for 24 h and then mock infected or infected with SeV for 18 h. mRNA expression levels of IFN-β (F), ISG56 (G), and ISG54 (H) in the collected cells were detected by qPCR. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\* P \< 0.001 versus empty (Student's t-test).Fig. 1

To examine the potential role of SARS-CoV-2 proteins in modulating IFN signaling pathway, each viral protein was individually tested using the luciferase reporter gene assay system. HEK 293 T cells were transfected with the luciferase reporter plasmids IFN-β, ISRE or NF-κB and the plasmid pRL-TK as an internal control. The cells were co-transfected with plasmids expressing individual SARS-CoV-2 structural or accessory proteins, with empty pCAGGS plasmid as negative control and an NS1 expression plasmid of influenza (A/Puerto Rico/8/34, H1N1) virus as positive control. At 24 h post transfection, cells were infected with Sendai virus (SeV) to induce interferon synthesis, and at 18 h postinfection, cells were lysed and firefly luciferase and Renilla luciferase activities were determined with the Dual-Luciferase reporter assay system. As expected, the positive control (NS1) demonstrated the strongest inhibition of IFN-β. The SARS-CoV-2 ORF6, ORF8, and N proteins could inhibit of IFN-β promoter ([Fig. 1](#fig0005){ref-type="fig"}C), ISRE promoter ([Fig. 1](#fig0005){ref-type="fig"}D) and NF-κB element ([Fig. 1](#fig0005){ref-type="fig"}E). A dose dependent assay was performed to confirm the antagonistic IFN-β promoter activity ([Fig. 2](#fig0010){ref-type="fig"} A-C), ISRE promoter ([Fig. 2](#fig0010){ref-type="fig"}D-F) or NF-κB responsive promoter ([Fig. 2](#fig0010){ref-type="fig"}J-L) of ORF6, ORF8, and N protein with SeV infection. To clarify whether these viral proteins impaired IFN synthesis or the downstream signals, we substituted SeV with the recombinant IFN-β protein and found that ORF6 and ORF8, but not N proteins inhibited expression from the ISRE promoter ([Fig. 2](#fig0010){ref-type="fig"}G-I), indicating that they play a role in different nodes and may have different mechanisms to regulate host interferon pathway.Fig. 2Dose-dependent inhibition the activation of IFN-β promoter, ISRE and NF-κB promoter by SARS-CoV-2 ORF6, ORF8, and N proteins. HEK-293 T cells were co-transfected with IFN-β-Luc, ISRE-Luc or NF-κB together with the pRL-TK plasmid (a plasmid constitutively expressing Renilla luciferase), and then were transfected with the plasmid pCAGGS-HA-ORF6 (A, D, G, J) or pCAGGS-HA-ORF8 (B, E, H, K) or pCAGGS-HA-N (C, F, I, L) of 0, 0.05, 0.1, 0.2 and 0.3 μg. The IFN-β promoter activity was measured upon SeV infection (A-C). The ISRE promoter activity was measured upon SeV infection (D-F) or the recombinant IFN-β protein treatment (G-I). The NF-κB promoter activity was measured upon SeV infection and equal amounts of lysates were also used for Western blotting analysis to ensure equal expression for each transfection (J-L).Fig. 2

It is well known that infection by various RNA viruses activates the RIG-I Like Receptor pathway and initiates the expression of IFN-β and a set of ISGs. To further confirm the activation of the IFN-β pathway, 293 T cells were transfected with the plasmids expressing SARS-CoV-2 proteins and then infected with SeV. The cells were collected for the quantitative PCR (qPCR) detection of the expression levels of IFN-β and some ISGs. The results showed that ORF6, ORF8, and N protein significantly suppressed SeV-induced mRNA expression of IFN-β ([Fig. 1](#fig0005){ref-type="fig"}F), ISG56 ([Fig. 1](#fig0005){ref-type="fig"}G) and ISG54 ([Fig. 1](#fig0005){ref-type="fig"}H).

We identified ORF6, ORF8, and N of SARS-CoV-2 as type I IFN antagonists. Compared with ORF6 and N, the antagonistic IFN-β promoter activity of ORF8 was the weakest ([Fig. 1](#fig0005){ref-type="fig"}C and 2A-C). Recent literature reported that the ORF8 deletion mutant (Δ382) displayed a greater level of transcripts per million (TPM) in the ORF6 and N genes compared to WT, having no effect on viral RNA replication ([@bib0065]).We therefore hypothesized that the ability of evading the host innate immune of ORF8 deletion mutant may be stronger than WT. In fact, deletions in ORF8 were also observed during the SARS-CoV outbreak in 2003 ([@bib0050]). Similarly, the SARS-CoV-2 strains with the ORF8 deletion discovered in different regions of the world ([@bib0025]; [@bib0065]), such variations are believed to be still evolving and facilitate the successful adaption of the virus to various hosts. Furthermore, SARS-CoV-2 ORF3b was also identified as a potent interferon antagonist whose activity is further increased by a naturally occurring elongation variant ([@bib0060]). ORF3b is not performed in this study, since the first sequence published in the database did not annotate the ORF3b gene.

SARS-CoV-2 ORF6, ORF8, N and ORF3b are potent interferon antagonist, in the early stages of SARS-CoV-2 infection, delayed release of IFNs would hinder the host\'s antiviral response and then benefit virus replication. Afterward, the rapidly increased cytokine and chemokine attract inflammatory cells, such as neutrophils and monocytes, resulting in excessive immune infiltration causing tissue damage. Inactivating viral interferon antagonists is an approach of acquiring live-attenuated vaccines, which is supported by recent reports about the development of influenza A virus and yellow fever virus by impairing the interferon antagonists ([@bib0035]; [@bib0015]). For SARS-CoV-2, it is not yet clear if disabling a single interferon antagonist, such as the accessory protein (ORF6, ORF8), will be sufficient to attenuate viruses that infect different cell types in different species. Nevertheless, this study could lay the theoretical foundation for exploring detailed signal pathways and generating safe and protective live-attenuated coronavirus vaccines.
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